Over the past decade adaptive optics ͑AO͒ has proved its worth as AO systems have been used successfully on several telescopes to improve image resolution. As scientists and engineers push the technological state of the art in an effort to make bigger, faster, and better systems, it has become more and more important to test and verify the operation of these systems in a controlled laboratory setting. To perform full-system tests in the presence of atmospheric turbulence, some sort of turbulence generator is needed. We describe a simple, low-cost approach to making static phase plates that generate atmosphericlike wave-front aberrations. These plates have several advantages over traditional heated-air turbulence generators and, as such, are better suited for well-controlled, detailed testing of an AO system.
Introduction
As an electromagnetic wave propagates through the Earth's atmosphere, its phase and amplitude profiles are aberrated by atmospheric turbulence. This phenomenon, called seeing, arises from random variations in temperature and pressure that alter the air's index of refraction, both spatially and temporally. [1] [2] [3] As a result, the performance of systems that rely on the propagation of electromagnetic radiation through the atmosphere is degraded. Systems of this nature include ground-based astronomical telescopes, laser radar, optical communications, and directed energy weapons.
Over the past decade a technique called adaptive optics ͑AO͒ has been developed to restore the quality of wave fronts that have been corrupted by atmospheric turbulence. 4 -6 AO is a real-time, hardwarebased solution to the problem of atmospheric turbulence. When an AO system intercepts an electromagnetic wave, it uses a special sensor to measure the aberrations in the wave. Using this information, the system adjusts the surface contour of a deformable mirror so that, after reflection from the mirror, the aberrations in the wave are removed, or at least reduced. In recent years, AO systems have been used successfully at several telescopes to improve image resolution. Now almost every major astronomical facility has plans for implementing an AO system. [7] [8] [9] [10] [11] In addition, applications for AO are being found in fields outside astronomy. 12, 13 As one might imagine, an AO system can be highly complex. This is especially true as scientists and engineers push the technological state of the art in an effort to make bigger, faster, and better systems. Before these systems are deployed, it is important to test and verify their operation in a controlled laboratory setting. To perform full-system tests in the presence of turbulence, some sort of turbulence generator is needed. This generator should produce aberrated waves that have temporal and spatial characteristics similar to those produced by atmospheric turbulence. However, for testing purposes, it is best if the spatial and temporal components can be controlled independently. It is also important, for systems that operate over a broad range of wavelengths, that the spectral characteristics of the generator match those of the atmosphere. Last, it is preferred that the device be compact, simple to construct and operate, and not adversely interfere with the function of any AO system components. A lowcost turbulence generator that meets these criteria is described in this paper.
Techniques for Generating Laboratory Turbulence
Over the years, several methods of producing atmosphericlike wave-front aberrations in the laboratory have been developed. The most popular method utilizes the forced motion of heated air because it reproduces the same process that occurs in the atmosphere and can be fairly easy to set up. 14, 15 However, for air the change in refractive index with temperature dn͞dT is of the order of 10 Ϫ6 ͞°C. 2 To create wavefront distortions of the proper magnitude, the path length through the turbulence must be quite long, or temperature gradients of several degrees must be created. Therefore this approach might not be acceptable if space is limited or if the heat radiated from the device could interfere with nearby optical elements. Furthermore, in either situation the interdependence of the temporal and spatial statistics might not resemble that of the atmosphere. A similar approach to creating turbulence uses water as the turbulent medium instead of air. 16, 17 In this case, dn͞dT is of the order of 10 Ϫ4 ͞°C, so the requirements for path length and temperature gradient magnitude are reduced. However, a fluid creates a heavier assembly; introduces the risk of leaks developing and potentially harming other system components; and, as with heated air flow, the interdependence of the temporal and spatial statistics might not resemble that of the atmosphere. Although some of the disadvantages of the above approaches can be alleviated with proper design, from a testing standpoint their biggest drawback is that they do not provide controllable turbulence. They cannot produce static phase profiles or repeatable turbulence sequences, and the amplitude and speed of the turbulence they create cannot be controlled independently.
Aside from use of heat to generate turbulence, there are a number of active elements, such as liquidcrystal spatial light modulators and deformable mirrors that can be used to aberrate wave fronts. 18 The advantages of these devices are that they do not generate much heat, they can be compact, the exact shape of the turbulence can be determined independently, the amplitude and speed of the turbulence can be controlled independently, and turbulence sequences can be repeated. These characteristics allow well-controlled testing of an AO system to be performed. However, these devices tend to be more complex and expensive, and their resolution is limited to the actuator density of the device. To determine the performance characteristics of an AO system adequately, the actuator density for the turbulence generator would have to be greater than the density of the correcting element for the AO system being tested. As a consequence, for high-order, state-of-the-art AO systems, a turbulence generator of this type becomes impractical.
The most practical approach to generating atmosphericlike turbulence for the testing of advanced AO systems is to use static phase plates. There are a number of techniques that can be used to manufacture phase plates of this nature-binary diffractive optics, molded plastic optics, computer-generated holography, and near index matching. 19, 20 Once a phase plate is made, a motorized assembly can be used to translate the plate across a light path to simulate temporal evolution of the turbulence. The advantages of these turbulence generators are the same as mentioned above for the active devices. Furthermore, the resolution constraints for static phase plates are far less restrictive than for the active devices.
In this paper we describe a new type of phase plate made with a near-index-matching approach. After a comparison of the cost and wavelength characteristics of the available techniques, this approach appears to be an excellent choice for the application under consideration. If only a few phase plates are required, or if each plate is to have a unique phase profile, diffractive optics and molded plastic optics tend to be fairly expensive-tens of thousands of dollars per plate-because of tooling costs. Furthermore, diffractive optics and holography have wavelength dependencies that are quite different from the atmosphere. In comparison, near index matching can be inexpensive-only a few hundreds of dollars per plate-and can perform as desired over a wide wavelength region. We describe how near index matching can be used to create static turbulence phase plates. To our knowledge, ours are the first turbulence generators of this type ever constructed.
Near Index Matching
The concept of near index matching is demonstrated in Fig. 1 . A generic phase plate is created when two optical materials are laminated with some arbitrary surface profile at their interface. 20 Assuming that the outer surfaces of the phase plate are flat and parallel, and assuming normal incidence on the first surface, the optical path difference ͑OPD͒ for rays passing through the plate can be given by where f ͑x͒ is the surface profile at the interface, x is a two-dimensional position vector, f is the average deviation of the interface, n 1 ͑͒ and n 2 ͑͒ are the refractive indices of the materials, and is the wavelength. A light wave passing through the plate will have a copy of the interface profile imprinted on its phase. However, when the refractive indices of the two materials are close in value, the magnitude of the aberration produced in the transmitted wave front is much less than the physical deviation at the interface. Given a specific phase profile to imprint on an incoming wave, the fabrication tolerances on the interface profile can be greatly reduced by the choice of two materials with refractive indices that are close to each other. For example, if ⌬n is 0.01, the interface profile can be shaped with approximately 50 times less precision than would be required if a single material ͑n Ӎ 1.5͒ were interfaced with air ͑n ϭ 1͒. When the tolerances are reduced, construction of the two halves of the phase plate is greatly simplified. The halves can be fabricated by molding or casting techniques or by direct machining. As mentioned above, casting and molding can be expensive. In contrast, direct machining is reasonably inexpensive-machining time can be rented for approximately $100͞h, and several optical quality plastics exist that are machinable, such as acrylic and polycarbonate.
Wave-front aberrations produced by atmospheric turbulence have an OPD peak to valley of only a few micrometers. This scale of OPD variation can be produced with good resolution when two materials are chosen for which ⌬n is of the order of 0.01. The physical deviation of the interface between the materials would then be several hundred micrometers. Commercial-grade milling machines can produce surface variations of this scale with a resolution of 5-10 m, making it possible to manufacture phase plates at a reasonable cost. Unfortunately, the transverse resolution is much larger, of the order of 100 m. However, atmospheric turbulence is composed mainly of low spatial frequencies, so this resolution is acceptable as long as the diameter of the optical beam passing through the plate is a few orders of magnitude larger. For example, to have 100 resolution elements across a pupil, one needs a 10-mm-diameter beam.
In addition to simplifying the fabrication process, near index matching provides a means of controlling the spectral properties of the phase plate. As mentioned above, it is desirable for a turbulence generator to match the spectral properties of the atmosphere over a broad range of wavelengths. This condition requires the phase plate to be achromatic, meaning that ⌬n in Eq. ͑1͒ must be independent of . This situation will occur if the two materials used in the phase plate have exactly the same dispersion characteristics. In practice, materials of this nature are hard to find, but it is possible to find materials for which the variation of ⌬n with is less than a few percent over a fairly large wavelength band.
Generating Atmosphericlike Phase Screens
To produce static phase plates that generate turbulence similar to the atmosphere, the interface profile must have the proper statistics. A well-accepted statistical model for the atmosphere was first described by Kolmogorov. 21 From Kolmogorov's model, the power spectral density for turbulence is given by
where r 0 is the atmospheric coherence length, is a two-dimensional spatial-frequency vector, and ϭ ͉͉. In addition, the phase structure function is given by
where y and x are two-dimensional position vectors and x ϭ ͉x͉. 22 Several algorithms have been developed in recent years for generating pseudorandom atmospheric phase screens that have Kolmogorov statistics. [23] [24] [25] For our application, the phase screens were generated with a program developed at the Center for Astronomical Adaptive Optics at the University of Arizona. The program models the atmosphere as a sum of turbulent layers with each layer created as a sum of weighted sinusoids of different spatial frequencies and phase offsets. The layers all have Kolmogorov statistics but each is allowed to have different spatial and temporal properties.
The algorithm that calculates the phase at position x and time t is given by
where is the phase in radians, C is a scaling factor, r 0 i and v i are the atmospheric coherence length and wind-speed vector for layer i, k ij is the jth spatialfrequency wave vector for layer i, 0 ij is the phase offset at x ϭ 0 and t ϭ 0 for layer i and wave vector j, N L is the number of layers, and N w is the number of wave vectors in each layer. The program expects most of the parameters to be specified by the user, although some of them, such as the phase offsets and the directions associated with the wind speeds and wave vectors, can be chosen randomly.
The scaling factor C depends on N L and N w and is chosen so that the phase structure function has the proper magnitude as determined by Eq. ͑4͒ and the effective coherence length, which is given by
The phase screen program contains a routine that can be used to determine the appropriate value of C by evaluating Eq. ͑3͒ for a large number of realiza-tions and comparing the result with Eq. ͑4͒. The temporal statistics of ͑x, t͒ are determined by assumption of the Taylor frozen-flow hypothesis so that the effective atmospheric coherence time is
The set of wave vectors depends on user-specified values for the inner scale l 0 , outer scale L 0 , and the number of wave vectors to sample per decade on a logarithmic scale. With these parameters, the wave-vector magnitudes are determined by use of
where n w is the number of samples per decade. Equations ͑8͒ and ͑9͒ produce a uniform logarithmic sampling of wave vectors. The same wave-vector magnitudes are sampled in each atmospheric layer, but their orientations in the different layers are chosen randomly by the program. We used the algorithm given in Eq. ͑5͒ to generate the phase profiles for the turbulence phase plates discussed in Section 5.
Oil-Filled Phase Plates
Our initial efforts at making turbulence phase plates focused on encasing a fluid between two plates of optical plastic. A small prototype was made to test this design concept. Optical-grade acrylic was used as the substrate material because of its homogeneity, machinability, and low cost. The Schott glass catalog lists the refractive index and Abbe number of acrylic as n D ϭ 1.4917 and D ϭ 55.3, respectively, at 20°C. 26 For the fluid, we found a white heavy mineral oil that had a refractive index and dispersion close to acrylic. 27 Using a refractometer, we measured the index and dispersion for this mineral oil at n D ϭ 1.4808 Ϯ 0.0001 and D ϭ 56.9 Ϯ 1.5 at 24.0 Ϯ 0.2°C. When we assume a dn͞dT for the mineral oil of Ϫ3.6 ϫ 10 Ϫ4 Ϯ 0.1 ϫ 10
Ϫ4
͞°C, these values adjust to n D ϭ 1.4822 Ϯ 0.0002 and D ϭ 57.1 Ϯ 1.5 at 20°C. Therefore ⌬n between this oil and acrylic is 0.0095 Ϯ 0.0002 at 20°C, which, as discussed above, should produce acceptable resolution tolerances for the machining process. Furthermore, with so close a match in dispersion, ⌬n will vary by only a few percent over a 0.1-m wavelength band. As a confirmation of the index data, we placed a wedge of acrylic in a bath of the oil and, using a Michelson interferometer, we determined the index difference between the two materials to be ⌬n ϭ 0.0092 Ϯ 0.0002 at wavelength ϭ 0.6328 m. Unfortunately, a reliable temperature measurement for the oil and acrylic was not obtained during this experiment. However, the room temperature was near 20°C, so this experiment increased our confidence in the match between the two materials.
Using a computer numerical control milling machine, we machined a 2 in. ϫ 2 in. ͑50.8 mm ϫ 50.8 mm͒ Kolmogorov surface, with a sample spacing of 0.01 in. ͑0.254 mm͒, into a 0.375-in.-͑9.525-mm-͒ thick acrylic substrate using a 0.625-in. ͑1.588-mm͒ ball end mill. The total machining time was less than 1 h. The contour of the machined surface was chosen so that the resulting phase profile imprinted on an optical beam had a coherence length of r 0 ϭ 0.8 mm at 0.6328 m. This surface was covered with mineral oil, and a 0.25-in.-͑6.35-mm-͒ thick plate of acrylic was used for the opposing window to provide a flat outer surface and to seal the oil against the substrate. This near-index-matched sandwich was bolted together, and the interface between the plates was sealed with tape.
A Mach-Zehnder interferometer, with ϭ 0.6328 m, was used to measure the profile of the phase distortion created by the prototype phase plate. Images of the target and measured turbulence profiles are shown in Fig. 2 , and their associated structure functions are shown in Fig. 3 . We compared the phase profiles using the following comparison Strehl:
where U and Û are the complex optical fields created when uniform-amplitude plane waves are passed through the target and the measured phase profiles, respectively; and ͗ ⅐ ͘ indicates an ensemble average. Unfortunately, ϭ 1.5 ϫ 10 Ϫ4 for the two phase profiles, indicating that they do not match well. However, a visual comparison of the two profiles shows that they have the same basic structure and that their differences consist mainly of large-scale variations. An examination of an acrylic plate indicated that the differences were most likely caused by variations in the thickness or the refractive index of the acrylic plates. Off-the-shelf plates were used, and nothing was done to make them optically flat before we machined the phase profile. Some of the differences may also have been caused by a calibration error in the milling machine or by thermal expansion of the acrylic or the milling machine components during the machining process. Regardless of the cause, the tilt-removed structure function for the phase plate has the correct basic shape, although its power-law dependence at small separations is somewhat larger than desired. 22 The measured tilt-removed structure function has a 1.8 power-law dependence, whereas the target and theoretical structure functions follow a 1.5 power law. Although the phase plate does not exactly create Kolmogorov statistics, as a proof of concept, the prototype was a success in that the statistics are similar to those of Kolmogorov. In addition, because the phase profile is static, its statistics can be completely characterized, and any deviation of those statistics from those of Kolmogorov can be taken into account during system testing and evaluation.
After we tested the 2-in. prototype, an 8-in.-͑203.2-mm-͒ diameter phase plate was made. For this plate, mineral oil was encased between two 0.25-in.-thick circular acrylic disks. The phase profile was contained within a 1.5-in.-͑38.1-mm-͒ wide annular region-inner and outer radii of 1.9 in. ͑48.26 mm͒ and 3.4 in. ͑86.36 mm͒, respectively-that could be rotated through an optical beam by a motor to simulate dynamic turbulence. The phase profile was machined on the inside of one of the disks with an amplitude designed to produce turbulence with an r 0 of 1.1 mm at 0.6328 m. This r 0 was chosen so that the turbulence imprinted on a diverging beam passing through two of these plates would simulate the seeing conditions on Mt. Hopkins in Arizona, the site of the multiple mirror telescope. 11 For reasons that are discussed in Section 6, the sample spacing of the turbulence profile was reduced to 0.005 in. ͑0.127 mm͒. A picture of the phase plate and its target phase profile are shown in Fig. 4 . As can be seen in Fig. 4 , several bolts were used to hold the plates together; and two O rings, one outside the turbulence ring and one inside, were used to seal the oil between the plates. In addition, a rotation axis was attached to the phase plate through a hole in the plate's center.
Before we machined the phase profile into the acrylic, two modes of tilt were removed. First, to minimize the overall magnitude of the tilt mode that would be enhanced by any wedge in the acrylic plates, we removed global tilt by subtracting the best-fit plane to the 6.8-in.-͑172.7-mm-͒ diameter annular phase region. Second, to make the average tilt over one revolution of the phase wheel equal to zero, a radial tilt mode was subtracted from the phase. This mode was defined as R͑x͒ ϭ c x, where x is a two-dimensional position vector whose origin is the axis of rotation, c is the magnitude of the tilt mode, and x ϭ ͉x͉. The resulting phase profile is shown in Fig. 4 , and its tilt-removed structure function is shown in Fig. 5 . For comparison, the theoretical structure function is also shown in Fig. 5 . We calculated this curve using Fried's expression for the tilt-removed structure function, so it does not account for the removal of the radial tilt mode. 22 The size of the circular phase plate made it difficult to measure the plate's turbulence profile with the interferometers available. Therefore, after we assembled the plate, a simple test was performed to Fig. 2 . Images of the target and measured turbulence phase profiles for the small prototype oil-filled phase plate. The target profile is on the left and the measured profile is on the right. Both profiles are displayed as zero mean on a scale with a peak to valley of 99.5 rad. The upper-left corner of the measured surface could not be examined because it was blocked by an obstruction. Overall tilt was removed from both phase profiles. Fig. 3 . Tilt-removed phase structure functions for the target and measured phase profiles for the small prototype oil-filled phase plate. The solid curve denotes the theoretical tilt-removed Kolmogorov structure function for the designed r 0 of 0.8 mm.
characterize the turbulence that was produced by the plate. For this test, we recorded specklegrams using different regions of the phase plate. A 21-mmdiameter collimated laser beam ͑ ϭ 0.6328 m͒ was passed through the plate and then focused onto a camera by an optical system that had a focal length of 1110 mm. Figure 6 shows the set of nine images that were recorded. Each subimage in Fig. 6 is 2 mm across, corresponding to a 6.3-arc min field. With these data, we obtained an estimate of the average short-exposure image by shifting and adding the specklegrams. The tilt-removed optical transfer function ͑OTF͒ was calculated from the average image and, when we used the e Ϫ1 point of the OTF, the value of r 0 was estimated at 1.09 mm. 22, 28 The radial profile of the tilt-removed OTF is shown in Fig. 7 along with the theoretical OTF for the estimated value of r 0 .
With the addition of a motorized assembly, this circular phase plate can be used to simulate dynamic turbulence for laboratory testing of an AO system. We can control the strength of the turbulence by placing the plate in a diverging beam. By sliding the plate along the axis of the beam, we can vary the value of D͞r 0 , where D is the diameter of the beam, over a wide range. In addition, we can vary the speed of the turbulence by controlling the rate at which the plate is rotated. Last, when multiple phase plates are used in the system, multiple atmospheric layers can be simulated, and longer nonrepeating turbulence sequences can be created.
Practical Issues with the Design of the Oil-Filled Phase Plates
Although the results for the oil-filled phase plates verified our ability to make turbulence phase plates of this nature, some practical issues require attention. The first issue involves the temperature dependence of the refractive index of mineral oil relative to acrylic. The values of the refractive indices quoted above were for T ϭ 20°C. For acrylic, dn͞dT is Ϫ1.06 ϫ 10
Ϫ4
͞°C whereas for mineral oil dn͞dT is approximately Ϫ3.6 ϫ 10 Ϫ4 ͞°C. 26, 27 Therefore the strength of the turbulence created by the plates is temperature dependent. A 4°C variation in temperature would create a 10% change in the value of ⌬n. A related issue with the oil-filled plates was the problem of expansion of the components, that is due either to changes in temperature or pressure. Nonuniform expansion of the components would alter the phase profile of the plates. It could also create oil leaks, thus endangering other system components. Although we could mitigate the above issues by maintaining the phase plates at a constant temperature and pressure, the extra complexity in the design is undesirable. A better solution would be to find a material with a dn͞dT and coefficient of thermal expansion that matches better to acrylic.
A minor concern also arose regarding the wavelength dependence of the phase plate materials. Although the Abbe numbers for the acrylic ͑ D ϭ 55.3͒ and mineral oil ͑ D ϭ 57.1͒ were close in value, a better match is desired. For acrylic, n͑͒ can be estimated from data in the Schott catalog. For the mineral oil, we can estimate it by fitting a two-term Cauchy equation,
to the n D and D values for the oil. From these estimates for the refractive indices, ⌬n͑͒ for the phase plate can be determined. Figure 8 shows the spectral variation of ⌬n relative to its mean value. Over the entire visible spectrum, 0.4 m Ͻ Ͻ 0.7 m, ⌬n for our prototype plates varies by approximately 11%. For narrower wavelength bands with ⌬ Ӎ 0.1 m, ⌬n varies by only 3-4%. However, although these variations are not overly large, a more uniform ⌬n is preferred. As with the thermal issues mentioned above, the best solution to this issue would be to find a material with a dispersion that matches more closely to acrylic. For example, the National Institute of Standards and Technology provides a well-characterized mineral oil, SRM-1922, with an index of n D ϭ 1.4695 and an Abbe number of D ϭ 56.4. 29 The spectral variation of ⌬n between this material and acrylic is also shown in Fig. 8 . Although ⌬n for this oil is slightly larger, ⌬n͑͒ is much more uniform, varying by less than 6% over the entire visible spectrum. Another minor concern involves the variations in the thickness or refractive index of the acrylic plates. As mentioned above, off-the-shelf components were used and they tend not to be optically flat. Although these variations were not disastrous for our application, they could be if a specific phase profile were required. In that case, the index variations could be minimized by use of higher-quality material, and the thickness variations could be reduced in a couple of ways. One approach is to initially machine or polish the acrylic plates so that the outside surfaces are optically flat. A second approach is to make a five-layer phase plate. After the desired turbulence profile is machined into one side of the acrylic substrate, two optically flat glass windows can be used to seal the near-index-matched oil against both sides of the substrate. The glass windows will provide flat interfaces with the air on both sides of the phase plate, and the oil will significantly reduce the effect of any waviness in the nonmachined surface of the acrylic.
Last, two issues involving the machining process became apparent during the testing of the oil-filled plates. The first issue involves the artifacts that resulted from use of a ball end mill to do the machining. We machined the turbulence profiles into the acrylic substrates by raster scanning the end mill back and forth across the substrate, adjusting the end-mill height in a linear fashion from one grid point to the next according to the profile being machined. Because of its shape, the end mill performed some smoothing of the phase profile, inasmuch as it limited the maximum height difference between neighboring points. It also created scalloping between adjacent passes of the end mill as shown in Figs. 9 and 10. To determine the effects of these artifacts, a model of the machining process was created and used to simulate the machining of the turbulence profile for the small prototype. The original grid of points used to drive the machining process had a sample spacing of 0.01 in. ͑0.254 mm͒. The machined surface was simulated at a sample spacing ten times smaller. The output from the simulation was then compared with a second profile created by linear interpolation.
Histograms of the phase differences between the original grid of points are shown in Fig. 11 . The close match between the two curves indicates that, for the selected end-mill size and values of r 0 and ⌬n, the end mill performs only a small amount of smoothing. However, for the selected sample spacing, the end mill does create a fair amount of scalloping that adds high-spatial-frequency structure to the phase profile and produces a diffraction grating in the surface. Images of the point-spread functions ͑PSFs͒ produced by the linearly interpolated phase profile and the phase profile from the simulation are shown in Fig. 12 . The diffraction orders created by the scalloping are evident in Fig. 12 . Fortunately, the scattering efficiency of the grating is low, and over 90% of the light energy is contained in the central order. In addition, the separation of the machined rows is small enough that the diffraction orders are well separated, making it possible for us to vignette the nonzero orders by placing a stop in the optical system. This will further reduce the differences between the target and the machined phase profiles. Without a stop, the comparison Strehl between the two profiles is ϭ 0.91. If a circular iris with a radius equal to half of the separation distance of the orders is used to block the nonzero orders, the Strehl for the resulting field becomes ϭ 0.97. If two knife edges are used, the Strehl increases to ϭ 0.98.
It is also possible for us to reduce the effects of scalloping directly by reducing the spacing between the phase points that are used to drive the machining Fig. 9 . Schematic diagram showing how scalloping is created when a ball end mill is used in the machining process: z s is the scallop height, ⌬y is the row separation, and ⌬z is the difference in row height. Fig. 10 . Small section of the interferogram obtained from the small prototype phase plate. The vertical striping of the fringes is evidence of the scalloping produced by the ball end mill used to machine the turbulence profile into the acrylic substrate. Fig. 11 . Histograms of the phase differences between the original phase points for the target and the machined turbulence profiles. The histogram bin size is 0.1 rad. The spacing of the original points used to direct the maching process was ⌬y ϭ 0.01 in. We simulated the machined profile using a numerical model of the machining process.
process. A machining situation with a sample spacing of 0.005 in. ͑0.127 mm͒ was run through the simulation; and the results showed that, although the amount of end-mill smoothing remains small, the amount of scalloping is drastically reduced. The comparison Strehl between the target and the machined phase profiles is ϭ 0.98, and all but 1% of the light energy is contained in the central diffraction order. As shown in Fig. 12 , the diffraction orders are also more widely spaced, making it is easier to vignette them. Blocking the nonzero orders, with either a circular stop or two knife edges, increases the Strehl to ϭ 0.99. These results show that we can almost completely eliminate the effects of scalloping by choosing the appropriate values for the end-mill diameter and the density of the phase points that are being machined and by placing stops in the optical system.
The second issue with regard to the machining process has to do with the roughness of the machined surface. During machining, the end mill shaves pieces of acrylic away from the substrate. If care is not taken, this process can create a microscopically rough surface with small fractures in it. Fortunately, mineral oil has a low enough viscosity that it flows into these fractures, effectively hiding them. However, if a more viscous fluid is used, these fractures might not get filled in, and the phase plate might become unusable because of excessive scattering of light. As with scalloping, this problem can be mitigated if care is taken in the machining process; if a sharp, well-oiled end mill is maintained; and if proper rotation and translation speeds are chosen.
Closing Comments
An approach to building simple, low-cost turbulence phase plates based on the concept of near index matching has been described. These plates allow well-controlled, detailed testing of an AO system over a wide wavelength range. So far, several acrylic and oil phase plates have been built successfully and tested as a verification of the approach. During the development process several practical issues were identified. Solutions for the issues related to the machining and assembly of the phase plates were discussed, and adjustments to the design and machining process were presented. As for the issues involving the differences in the material properties for the two materials, we believe that they can be alleviated by using an optical polymer in place of the mineral oil.
Using a polymer in conjunction with an acrylic substrate complicates the fabrication process because of the need to cure the polymer. However, compared to use of mineral oil, switching to a polymer makes it easier to match the refractive index and other material properties of acrylic. Materials of this type are known to exist. In addition, use of a polymer allows a totally solid phase plate to be created, which eliminates the possibility of oil leaks and simplifies the design because it eliminates the need for the second acrylic window, the bolts, and the O rings. For these reasons, the focus of our design efforts has shifted to use of an optical polymer as the near-index-matching material. 20 At present, candidate materials with characteristics similar to acrylic have been identified. The major hurdle in the implementation of the acrylic and polymer approach is that, because optical polymers tend to be rather viscous, the surface roughness problem arising from the machining process is exacerbated. However, as mentioned above, this problem can be overcome when care is taken in the machining process, and research is currently under way to determine the appropriate machining methods. Fig. 12 . Images of PSFs corresponding to the target turbulence profile and two machined profiles. The PSF for the target profile is on the left. The middle and right PSFs correspond to machined profiles with sample spacings of ⌬y ϭ 0.01 in. and ⌬y ϭ 0.005 in., respectively. The diffraction orders created by scalloping are evident in the images. The tenth root of the intensities is displayed so that the nonzero diffraction orders can be seen more easily. We simulated the machined profiles using a numerical model of the machining process.
